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Coupled evolution of plate tectonics and basal mantle structure 
Abstract 
The relationships between plate motions and basal mantle structure remain poorly understood, with 
some models implying that the basal mantle structure has remained stable over time, while others 
suggest that it could be shaped by the aggregation and dispersal of supercontinents. Here we investigate 
the evolution of mantle flow driven by end-member plate tectonic models over 1 Gyr. We implement a 
tectonic scenario in which supercontinent reassembly occurs by introversion, and consider three distinct 
references frames that result in different net lithospheric rotation. Our flow models predict a dominant 
degree-2 mantle structure most of the time. We analyze the relationship between imposed tectonic 
velocities and deep mantle flow, and find that at spherical harmonic degree 2, the maxima of lower mantle 
radial flow and temperature follow the motion path of the maxima of surface divergence. It may take 
160–240 Myr for lower mantle structure to reflect plate motion changes when the lower mantle is 
reorganized by slabs sinking onto basal thermochemical structures, and/or when slabs stagnate in the 
transition zone before sinking to the lower mantle. Basal thermochemical structures move at less than 
0.6°/Myr in our models, with a temporal average of 0.16°/Myr when there is no net lithospheric rotation, 
and between 0.20 and 0.23°/Myr when net lithospheric rotation exists and is induced in the lower mantle. 
Our results suggest that basal thermochemical structures are not stationary, but rather linked to global 
plate motions and plate boundary reconfigurations, reflecting the dynamic nature of the coevolving plate- 
mantle system. 
Publication Details 
Cao, X., Flament, N. & Müller, R. D. (2020). Coupled evolution of plate tectonics and basal mantle 





Coupled evolution of plate tectonics and basal mantle structure 2 
 3 
Xianzhi Cao1,2, Nicolas Flament3, R. Dietmar Müller2 4 
 5 
 6 
1Frontiers Science Center for Deep Ocean Multispheres and Earth System; Key Lab of 7 
Submarine Geosciences and Prospecting Techniques, Ministry of Education; College of Marine 8 
Geosciences, Ocean University of China, Qingdao 266100, China 9 
2EarthByte Group, School of Geosciences, The University of Sydney, Sydney, New South 10 
Wales, Australia 11 
3GeoQuEST Research Centre, School of Earth and Environmental Sciences, University of 12 










Key Points: 23 
• Our reconstructions of the plate-mantle system back to 1 Ga show that deep mantle 24 
structures are mobile and shaped by plate motions 25 
• It may take ~160-240 Myr for deep mantle structure to reflect major changes in plate 26 
boundary configurations 27 





The relationships between plate motions and basal mantle structure remain poorly understood, 30 
with some models implying that the basal mantle structure has remained stable over time, while 31 
others suggest that it could be shaped by the aggregation and dispersal of supercontinents. Here 32 
we investigate the evolution of mantle flow driven by end-member plate tectonic models over 1 33 
Gyr. We implement a tectonic scenario in which supercontinent reassembly occurs by introversion, 34 
and consider three distinct references frames that result in different net lithospheric rotation. Our 35 
flow models predict a dominant degree-2 mantle structure most of the time. We analyse the 36 
relationship between imposed tectonic velocities and deep mantle flow, and find that at spherical 37 
harmonic degree 2, the maxima of lower mantle radial flow and temperature follow the motion 38 
path of the maxima of surface divergence. It may take ~160-240 Myr for lower mantle structure 39 
to reflect plate motion changes when the lower mantle is reorganised by slabs sinking onto basal 40 
thermochemical structures, and/or when slabs stagnate in the transition zone before sinking to the 41 
lower mantle. Basal thermochemical structures move at less than 0.6 °/Myr in our models, with a 42 
temporal average of 0.16 °/Myr when there is no net lithospheric rotation, and between 0.20-0.23 43 
°/Myr when net lithospheric rotation exists and is induced in the lower mantle. Our results suggest 44 
that basal thermochemical structures are not stationary, but rather linked to global plate motions 45 






Plain Language Summary 49 
Plate tectonic theory, underpinned by a multitude of observations, requires that the tectonic plates 50 
and the mantle co-evolve. However, whether the lowermost part of the mantle is involved in this 51 
evolution, and its relationship with surface plate motions, is poorly known. We build end-member 52 
absolute plate motions models extending back to one billion years, and then model mantle 53 
convection using time-dependent surface velocities from plate tectonic models as a boundary 54 
condition. We find that the long-wavelength lower mantle radial flow field and temperature field 55 
follow the motion path of the long-wavelength surface divergence. It may take ~160-240 Myr for 56 
the lower mantle structure to reflect major plate motion changes and plate boundary 57 
reconfigurations when the lower mantle is reorganised by sinking slabs sinking onto basal mantle 58 
structures, and/or when slabs stagnate in the mantle transition zone (~410-660 km) before sinking 59 
to the lower mantle due to the larger viscosity of lower mantle. Our results suggest that the basal 60 
mantle is not stationary, but rather evolves driven by surface plate motions, indicating that the 61 
lithosphere and the entire mantle constitute a co-evolving dynamic system. 62 
 63 
1 Introduction 64 
Earth's evolution is characterized by tectonic motions of rigid plates on top of the 65 
convecting mantle. Data from a wide variety of sources have suggested that repeated 66 
amalgamation and dispersal of supercontinents dominate the evolution of the plate-mantle system 67 
(e.g. Hoffman, 1991; Li et al., 2019; Nance & Murphy, 2019). Well-studied supercontinents 68 
include Pangea (ca. 320–200 Ma), Rodinia (ca. 900–700 Ma) and Nuna (ca. 1600–1400 Ma), and 69 




Pangea (Nance & Murphy, 2019). Global mantle plume intensity shows a similar cyclicity but 71 
with a slight time lag relative to supercontinent cycles (Gamal El Dien et al., 2019), suggesting a 72 
possibly coupled supercontinent-“superplume” cycle in Earth history. However, the link between 73 
plates and basal mantle structure over hundreds of millions of years remain debated and unresolved 74 
because not only plate motions become increasing uncertain back in time, but the evolution of the 75 
deep mantle is poorly known. On the one hand, it has been proposed that the structure of the deep 76 
Earth may have been stable and rigid through time (e.g. Torsvik et al., 2010a; Conrad et al., 2013). 77 
In contrast, others have proposed that deep mantle structures have been mobile over time and could 78 
be linked to surface plate motions (e.g. Zhong et al., 2015; Zhang et al., 2010). 79 
Studies including mantle flow models and plate reconstructions have been conducted to 80 
explore the possible link between tectonic plates and the deep mantle. 3D mantle flow modelling 81 
shows that two LLSVPs form when a supercontinent is present, with one of them under the 82 
supercontinent in response to circum-supercontinent subduction and a larger antipodal structure 83 
under the superocean (Zhong et al., 2007), indicating the evolution of Earth’s surface might be 84 
directly linked to the deep mantle. Conrad et al. (2013) showed a direct link between plate motions 85 
and global-scale patterns of mantle flow at present-day by showing that long-wavelength surface 86 
divergence occurs above the two antipodal LLSVPs in the central Pacific and eastern Africa. 87 
Whether this link existed in the past is uncertain. Conrad et al. (2013) proposed that the long-88 
wavelength characteristics of surface kinematics have not changed significantly over the last 250 89 
Myr, lending support to the hypothesis that LLSVPs could be relatively fixed over time, as 90 
suggested by their proximity to the reconstructed locations of kimberlites and Large Igneous 91 
Provinces (LIPs) for the last ~300 Myr (Burke et al., 2008; Torsvik et al., 2010a). Fast seismic 92 




& Anderson 1995; Le Pichon et al., 2019; Rudolph et al., 2020), and the axis of symmetry of 94 
Pangea has been proposed as the datum of an absolute reference frame since ~400 Ma assuming 95 
stationary basal mantle structures (Le Pichon et al., 2019). However, forward mantle flow models 96 
constrained by plate kinematics for the time period following Pangea breakup have revealed that 97 
sinking slabs shape the lower mantle and sculpt basal thermochemical structures that are similar 98 
in shape to the present-day LLSVPs (Zhang et al., 2010; McNamara & Zhong, 2005; Zhong et al., 99 
2007); and the match between such forward models and lower mantle seismic tomography has 100 
recently improved (e.g. Flament, 2019). 101 
In addition to the debate on the long-term stability of LLSVPs, the absolute geographic 102 
location (especially longitude) of pre-Pangea supercontinents remains enigmatic. The hypothesis 103 
of fixed LLSVPs implies that there are only two broad regions (i.e. above the two LLSVPs) where 104 
supercontinents can form (Zhong et al., 2007) if basal thermochemical structures anchor plate 105 
tectonics (Dziewonski et al., 2010). In contrast, Mitchell et al. (2012) used paleomagnetic data to 106 
propose the “orthoversion” model in which supercontinents aggregate over the downwelling girdle 107 
of subduction approximately 90° away from the previous supercontinent. This model implies a 90° 108 
rotation of the axis of the minimum moment of inertia and of the location of basal thermochemical 109 
structures between successive supercontinents.  110 
Finally, two end-member models have been proposed for the breakup and assembly of 111 
successive supercontinents. In the “introversion” model, a supercontinent forms by closing the 112 
relatively young ocean internal to the previous supercontinent (Nance et al., 1988); from the 113 
present configuration this corresponds to closure of the Atlantic Ocean. In contrast, in the 114 
“extroversion” model a supercontinent forms by closing the relatively old ocean external to the 115 




corresponds to closure of the Pacific Ocean. The assembly of supercontinents generally involves 117 
elements of both end-member models (Murphy & Nance, 2003). For example, Gondwana has been 118 
proposed to have formed by extroversion from Rodinia (Hoffman, 1991). Gondwana then collided 119 
with Laurentia through the closure of young interior (Iapetus and Rheic) oceans, assembling 120 
Pangea by introversion (Conrad & Behn, 2010). 121 
Previous studies of the link between plate motions and deep mantle evolution have been 122 
based either on the geological record (e.g. Mitchell et al., 2012; Torsvik et al., 2010a), limited to 123 
the present-day (Conrad et al., 2013), or a conceptual mantle flow model with no tectonic plates 124 
(Zhong et al., 2007) that is difficult to compare to tomographic models. To investigate the link 125 
between supercontinent configuration and the structure of the deep Earth, we built synthetic plate 126 
tectonic models from 1 Ga to 250 Ma that we connected to a published palaeogeographical plate 127 
reconstruction (Young et al., 2019) from 250 Ma to create a relative plate motion model for the 128 
last 1000 Myr, in which supercontinent breakup and reassembly occur via introversion (for 129 
simplicity). We considered three different absolute reference frames: no net rotation (NNR), stable 130 
supercontinent location (SSL) and orthoversion (OV) (Fig. 1) to test the influence of different 131 
locations of pre-Pangea supercontinents. We then used these three distinct plate tectonic models 132 
to drive a series of mantle flow models, and we compared the evolution of imposed plate motions 133 
to the evolution of predicted basal mantle structures over two supercontinent cycles, and analysed 134 
the mobility of basal mantle structures through time in each considered tectonic scenario. 135 
2 Methods 136 




To develop global synthetic plate models, we 1/ built a relative plate motion model, 2/ 138 
constructed continuously closing plate polygons and 3/ considered alternative absolute reference 139 
frames. The relative plate motion model includes a new synthetic plate motion model between 140 
1000-250 Ma that we linked to a published palaeogeographical plate reconstruction for 250-0 Ma 141 
(Young et al., 2019) so that the predicted mantle structure could be compared to tomographic 142 
models. For simplicity, we only used 15 major cratons between 1000 Ma and 410 Ma, and we 143 
added the Amuria block at 410 Ma to obtain a smooth transition to Young et al. (2019) at 250 Ma. 144 
We considered three supercontinents that predominantly breakup and reassemble by introversion. 145 
A circum-(super)continent subduction girdle exists at all times, largely separating the earth into a 146 
superocean hemisphere and a (super)continent hemisphere. The synthetic reconstructions started 147 
with a quasi-supercontinent that consisted of most cratons at 1000 Ma. The first supercontinent 148 
(SC1) assembled at 900 Ma and lasted until 800 Ma (to mimic Rodinia, Li et al., 2019). The 149 
breakup of SC1 caused the opening of three small interior oceans (IO1, IO2 and IO3 in Fig. 2). All 150 
tectonic blocks reassembled to form the second supercontinent (SC2) at 620 Ma (to mimic 151 
Pannotia, Nance and Murphy, 2019), mostly through the closure of young interior oceans (IO1 and 152 
IO3). Subsequently SC2 broke up at 600 Ma and opened two small young internal oceans, IO4 153 
and IO5. The northern IO4 closes at 320 Ma to reassemble the last supercontinent-Pangea, which 154 
lasted until 200 Ma. 155 
We considered three different absolute reference frames in which pre-Pangea 156 
supercontinents occurred in different locations: (1) a no net rotation (NNR) frame, in which the 157 
net rotation of the lithosphere with respect to the mantle was removed from the reconstruction 158 
(Fig. 3) for the entire model timespan (1000 Myr), (2) a stable supercontinent location (SSL) frame, 159 




represent the hypothesis of successive supercontinents occurring over fixed LLSVPs (Conrad et 161 
al., 2013; Dziewonski et al., 2010); (3) an orthoversion (OV) frame, in which the first 162 
supercontinent (SC1) was 90° east from Pangea. The absolute reference frame between 250-0 Ma 163 
for the SSL and OV reconstructions are taken from Young et al. (2019), which is a hybrid frame 164 
including a moving hotspot frame between 70-0 Ma and a paleomagnetic frame before 100 Ma. 165 
The SSL and OV reference frames were built to minimize net lithospheric rotation, by modifying 166 
the motion of oceanic plates; the NNR reference frame was obtained by removing net rotation 167 
from the SSL reference frame. The three reconstructions contain the same relative plate motions, 168 
and only differ by absolute motions and net lithospheric rotation evolution (Fig. 3). All major 169 
tectonic plates are linked to either Laurentia or Africa (except oceanic plates in the superocean that 170 
are linked to the triple junction), which are ultimately linked to one of the three absolute reference 171 
frames. We built the plate motion models using GPlates (Müller et al., 2018). Globally averaged 172 
root-mean-square plate velocities for all three models fluctuate between 4-6 cm/yr most of the time 173 
(Fig. S1), which is reasonable (Zahirovic et al., 2015). Trench orthogonal migration rates are 174 
generally below 10 cm/yr, with slightly more slab retreat than advance (which is reasonable, 175 
Williams et al., 2015), and decrease to below 5 cm/yr when a supercontinent is present, especially 176 
when SC1 (900-800) and SC2 (620-600 Ma) were assembled. Large trench orthogonal migration 177 
rates (up to 10 cm/yr) between 250-200 Ma (when Pangea was assembled) in reconstructions SSL 178 
and OV are mostly caused by relatively large net lithospheric rotation (Figs 3 and S1). The trench 179 
orthogonal convergence rate before 250 Ma is ~4 cm/yr (Fig. S2); this comparable to the present-180 
day rate. 181 
We used the method of Williams et al. (2020) to calculate oceanic crustal ages that we used 182 




Ma were computed from the distance to the nearest mid-ocean ridge, assuming an initial full 184 
spreading rate equal to 75 mm/year for all oceanic plates. From 999 Ma, new seed points were 185 
generated along mid-ocean ridges in 1 Myr intervals and reconstructed using topological plate 186 
polygons (Müller et al., 2018). The plate to which each seed point belonged was recalculated at 187 
each time step to account for the splitting and merging of oceanic plates, and points were removed 188 
when subducted. Finally, maps of seafloor age were computed based on reconstructed points using 189 
piecewise linear interpolation on a sphere implemented in GMT (Wessel et al., 2019). 190 
2.2 Mantle flow models 191 
We modelled time-dependent, three-dimensional spherical mantle flow under the 192 
extended-Boussinesq approximation with CitcomS (Zhong et al., 2008) modified to progressively 193 
assimilate boundary conditions from plate reconstructions (Bower et al., 2015). Plate velocities 194 
were imposed as surface boundary conditions in 1 Myr increments. The age of the ocean floor was 195 
used to build the thermal structure of the lithosphere assuming a half-space cooling model with 196 
maximum seafloor age set to 80 Myr. The thermal structure of subducting slabs was determined 197 
from seafloor ages and assimilated in the models to a maximum depth of 350 km (45° dip angle) 198 
in 1 Myr increments. The model set-up was similar to that in Flament (2019). Isothermal boundary 199 
conditions were applied to the surface (T = 273 K) and to the core-mantle boundary (CMB, T = 200 
3373 K).  201 
We considered six mantle flow model cases: cases NNR and NNR_WU used 202 
reconstruction NNR as time-dependent boundary conditions, cases SSL and SSL_WU used 203 
reconstruction SSL, and cases OV and OV_WU used reconstruction OV. The initial condition for 204 
cases NNR, SSL and OV at 1000 Ma consists of an adiabatic temperature profile between two 205 




km and 90° below (Fig. 4). Slabs are initially twice as thick in the lower mantle than in the upper 207 
mantle, to account for the greater viscosity of the lower mantle. In cases NNR_WU, SSL_WU and 208 
OV_WU, slabs were initially inserted at 550 km depth and the 1000 Ma plate configuration was 209 
applied during a 200 Myr warm-up phase. This warm-up phase results in temperature 210 
heterogeneities at the start of the main calculation at 1000 Ma. The initial condition for all cases 211 
includes a 113-km-thick basal layer (2% of the volume of the mantle) of excess density 2.35% 212 
(corresponding to buoyancy ratio B = δρch/(ρ0α0ΔT) = 0.25, where δρch is the density contrast, ρ0 213 
= 4000 kg m-3 is the density, α0 = 3e-5 K-1 is the coefficient of thermal expansivity at the surface, 214 
ΔT = 3100 K is the temperature difference between surface and CMB), which has been shown to 215 
best reproduce present-day residual topography and mantle tomography (Flament, 2019). 216 
The convective vigour is controlled by the Rayleigh number: 𝑅𝑎 =217 
𝛼%𝜌%𝑔%Δ𝑇ℎ+, 𝜅%𝜂% = 7.8𝑒7⁄ , where g0 = 9.81 m s-2 is the acceleration of gravity, hM = 2867 km 218 
is the thickness of the mantle (note that Ra was scaled by the radius of the earth R0 = 6371 km in 219 
the CitcomS models, and presented here as scaled by hM following convention), κ0 = 1e-6 m2 s-1 is 220 
the thermal diffusivity. The dissipation number: 𝐷𝑖 = 𝛼%𝑔%𝑅% 𝐶78⁄ = 1.56, where 𝐶78 = 1200 J 221 
kg−1 K−1 is the reference heat capacity. As in Hassan et al. (2015), the viscous dissipation above 222 
300-km depth is ignored because surface plate motions are imposed, and the coefficient of thermal 223 
expansion depends on depth and temperature (eq. 2 of Tosi et al., 2013) :  224 
α(T, z) = (b0 + b1T + b2T −2) exp(−b3z), where T is the temperature, z is the depth and b0, b1, b2 and 225 
b3 are phase-dependent coefficients. 226 
Viscosity depends on temperature, composition and depth according to: 227 









where η(r) is a depth-dependent pre-factor defined with respect to the reference viscosity 229 
(η0 = 1.1e21 Pa s) for four layers: 0.02, 0.002, 0.02, 0.2 for mantle above 160 km, between 160-230 
310 km, between 310-660 km and below 660 km, respectively. C is the composition field and ηC 231 
is the compositional viscosity pre-factor, including 1, 100, 10 respectively for ambient mantle, 232 
continental lithosphere (grey area in Fig. 2) and basal layer. Eη = 275 kJ mol−1 is the activation 233 
energy, Zη = 2.1 cm3 mol−1 is the activation volume, r is the radius, RC = 3504 km is the radius of 234 
the core, T is the temperature, Toff = 496 K is a temperature offset, and R = 8.31 J mol-1 K-1 is the 235 
universal gas constant. Eη and Toff were selected to obtain viscosity variations by three orders of 236 
magnitude as a function of temperature (Fig. 5).  237 
2.3 Surface divergence and convergence 238 
Tectonic velocities can be separated into a poloidal component associated with seafloor 239 
spreading (divergence) and subduction (convergence), and a toroidal component associated with 240 
transform motions (Lithgow‐Bertelloni et al., 1993). The “net characteristics” of plate tectonics 241 
defined by Conrad et al. (2013), proposed to be closely linked to deep mantle flow patterns, are 242 
very similar to the long-wavelength (degree-1 and degree-2) poloidal velocity field (Rudolph & 243 
Zhong, 2013). We computed the divergence field on the surface up to spherical harmonic degree-244 
3 using CitcomS, in order to compare its evolution with that of the lower mantle. 245 
2.4 Cluster analysis and spherical harmonic analysis 246 
Cluster analysis is an objective method to separate spatial observations into groups by a 247 
quantitative measure of similarity of corresponding values (e.g. Lekic et al., 2012). Here we used 248 
k-means clustering (MacQueen, 1967) to separately classify temperature anomalies, radial 249 
velocities and seismic velocity anomalies in the lower mantle into two groups for each field. 250 




distance 0.45º) at 31 depths between 1000 km and 2800 km (Lekic et al., 2012), and then separated 252 
into two clusters according to the variation in the property of interest with depth. The area of each 253 
cluster can be calculated based on the number of points falling into this cluster. We refer to these 254 
quantities as “lower mantle clusters”. As in Flament et al. (2017a), we computed the accuracy Acc 255 
= (TP+TN)/A to quantify the match between the present-day lower mantle temperature predicted 256 
by each mantle flow model and seven S-wave tomographic models (SAW24B16, Mégnin & 257 
Romanowicz 2000; HMSL-S, Houser et al. 2008; S362ANI, Kustowski et al. 2008; GyPSuMS, 258 
Simmons et al. 2010; S40RTS, Ritsema et al. 2011; SAVANI, Auer et al. 2014; and SEMUCB-259 
WM1, French & Romanowicz 2014). TP stands for “true positives” in terms of the area of a high-260 
temperature cluster for mantle flow models and a low-velocity cluster for seismic tomographic 261 
models; similarly, TN (“true negatives”) corresponds to a low-temperature cluster and a high-262 
velocity cluster for flow models and seismic tomographic models, respectively, and A is Earth’s 263 
total surface area. 264 
We used pyshtools (Wieczorek & Meschede, 2018) to carry out a spherical harmonic 265 
analysis of surface divergence field and predictions of forward mantle flow models, including 266 
clusters of lower mantle temperature anomalies and clusters of lower mantle radial velocity. We 267 
quantitatively analysed the spatial and temporal evolution of the long-wavelength structures 268 
(degrees 1-3) of the three fields to investigate the nature of the links between surface plate motions 269 
and deep mantle flow. 270 
3 Results 271 
Mapping two clusters of radial velocities between 1000 km and 2800 km depth for all cases 272 
revealed two upwellings ringed by downwellings for most of the time, with downwellings mostly 273 




the other hemisphere with continents (Figs S3 and S4). Major upwellings and downwellings are 275 
distributed in different geographic locations between cases NNR, SSL, and OV, especially for 276 
times before 250 Ma. The two upwellings in cases NNR and SSL mostly move along meridians 277 
for the entire model timespan, with one upwelling centred on ~30° E and the other on ~150° W. 278 
In contrast, in case OV they migrated westward by ~90° in longitude (from ~120°E to ~30° E) 279 
between 900 Ma and 200 Ma. This flow pattern primarily reflects the distribution of subduction 280 
zones, and continuously evolves as plate boundary configurations change. Radial velocities flow 281 
pattern become increasing similar over the last 200 Myr because there is less difference between 282 
the three plate reconstructions after 250 Ma. Present-day lower mantle radial velocity clusters are 283 
characterised by two main upwellings under Africa and the Pacific Ocean that are very similar 284 
across the three models, highlighting the dominance of post-250 Ma plate motions and plate 285 
boundary configurations in driving the present-day large-scale mantle convection pattern. 286 
Maps of clusters of lower mantle temperature are also characterized by two regions of high-287 
temperature anomalies separated by a ring of colder mantle at present (Figs 6, S5 and S6), however, 288 
the geographic locations of high-temperature anomalies vary significantly between models for the 289 
pre-250 Ma period. Low-temperature anomalies are generally in regions of lower mantle 290 
downwellings and high-temperature anomalies are associated with upwellings. Lower mantle 291 
temperatures are therefore also linked to surface kinematics and to the location of subduction 292 
zones, however with a delay representing the transit time of sinking slabs in the mantle (e.g. Zhong 293 
et al., 2007). Indeed, the location of subduction zones for the past ~250 Myr form a ring that does 294 
not overlie LLSVPs (e.g. Young et al., 2019). We refer to the two regions of high-temperature 295 
anomalies in our models as basal thermochemical structures. Their shapes and locations change 296 




subduction zones, reshaping their boundaries (e.g. McNamara & Zhong, 2005). Similar to the two 298 
upwellings, the two basal thermochemical structures in cases NNR and SSL mostly move along 299 
meridians, while in case OV they migrate by ~90° in longitude, mirroring the imposed plate 300 
motions. The lower mantle temperature anomalies in all cases become increasing similar with time, 301 
with the two basal thermochemical structures in equatorial and antipodal locations since ca. 200 302 
Ma, consistent with a previous study (Zhong & Rudolph, 2015). 303 
We compare the geographic distribution of present-day lower mantle temperature clusters 304 
predicted by six flow models to S-wave velocity clusters derived from seven published 305 
tomographic models (Fig. 7). The average accuracy for individual mantle flow model cases with 306 
respect to all seven tomographic models ranges between 0.68 and 0.71, indicating that the six 307 
models with alternative reconstructions and initial conditions predict very similar present-day 308 
basal mantle structures, due to the similarity of the reconstructions for the last 250 Myr. Case 309 
NNR_WU is in slightly better agreement with tomographic models than the other model cases. 310 
4 Relationships between surface divergence and lower mantle radial velocity and 311 
temperature 312 
The above results show that lower mantle downwellings and low-temperature anomalies 313 
tend to be distributed below subduction zones, whereas lower mantle upwellings and high-314 
temperature clusters mostly form under a superocean or a supercontinent, confirming a connection 315 
between surface and deep mantle configurations. Here we quantitatively compare surface 316 
divergence, lower mantle radial velocity and temperature clusters through spherical harmonic 317 
analysis. Surface divergence for cases NNR_WU, SSL_WU and OV_WU is identical to surface 318 




The power spectra of surface divergence and of lower mantle radial velocity clusters show 320 
similar patterns through time for each case (Figs 8, S7 and S8). For instance, the nearly 321 
simultaneous decrease of the degree-2 amplitude around 120 Ma shows the direct influence of 322 
surface velocity field on the lower mantle. The amplitude of surface divergence and lower mantle 323 
radial velocity is generally larger at degree 2 than at degrees 1 and 3 in all six cases, which reflects 324 
that two large mantle upwellings dominate the lower mantle structure (Figs S3 and S4) due to the 325 
long-term existence of a superocean and a subduction girdle in our synthetic reconstructions (Fig. 326 
2). The degree-2 amplitude of surface divergence decreases between 620-600 Ma and during the 327 
last 120 Myr. The decrease during 620-600 Ma is due to the decrease in the diameter of the 328 
subduction girdle during the assembly of supercontinent SC2 (SC2 is a tight supercontinent 329 
consisting of the major cratons). The decrease after 120 Ma is likely related to the break-up of 330 
Gondwana and fragmentation of the Phoenix plate, which led to the formation of relatively short 331 
spreading ridges and thus larger amplitude at larger degrees and smaller amplitude at smaller 332 
degrees. The temporal evolution of the amplitude of lower mantle temperature cluster at spherical 333 
harmonic degrees 1-3 show similarity to the surface divergence and lower mantle radial velocity 334 
fields (especially the long-term significant degree-2 contribution), but are much smoother, which 335 
make it difficult to analyse its synchronicity with the other two fields (Fig. 8). Cases OV, SSL_WU 336 
and OV_WU predict degree-2 dominated lower mantle structure at present-day, while cases NNR, 337 
SSL and NNR_WU predict similar amplitudes at degrees 2 and 3 (Figs 8, S7 and S8). 338 
As stated above, our flow models constrained by surface kinematics in which degree-2 339 
contributions are the largest predict significant degree-2 contributions to the lower mantle 340 
structure. We tracked the geographic locations of degree-2 maxima and minima of the three fields 341 




temperature clusters, Figs 10 and S11) through time, to analyse the spatio-temporal relationship 343 
between these fields. The pattern of degree-2 contributions changes with time and shows 344 
similarities between the three fields for each case. For example, all three fields for cases NNR and 345 
SSL move mostly perpendicular to the equator, while those for case OV undergo significant 346 
migration in both longitude and latitude (Figs 9, S9 and 10). The degree-2 divergence field on 347 
surface is generally characterized by two regions of divergence surrounded by a ring of 348 
convergence (Fig. 9). The time-dependent minima of the divergence field (i.e. convergence 349 
maxima) are mostly distributed along the subduction girdle and are more scattered than the 350 
maxima (Figs 9 and 11), reflecting the changing location of subduction flux maxima through time. 351 
The present-day degree-2 divergence maxima are to the north of Madagascar and in the eastern 352 
Pacific Ocean, which is consistent with the results of Conrad et al. (2013). The present-day degree-353 
2 contribution of the temperature cluster show high-temperature anomalies beneath the Africa and 354 
the Pacific Ocean (Figs 10 and S11). 355 
In the following we focus on the degree-2 maximum in the African hemisphere since the 356 
considered fields are nearly dipoles. We decompose the motion of the African maximum for each 357 
of the three fields into longitudinal and latitudinal components (Fig. 12). The latitudinal motion of 358 
the African maximum of degree-2 divergence is similar for cases SSL and OV because the major 359 
difference between reconstructions OV and SSL is the 90° offset in longitude between 360 
supercontinents SC1 and Pangea, as seen in the different longitudinal motion of degree-2 361 
divergence maxima for the two cases. The African maximum of degree-2 divergence for case NNR 362 
experiences relatively less motion in the absence of net lithospheric rotation. The divergence fields 363 
for cases NNR, SSL and OV experience fast southward migration between 800-700 Ma, northward 364 




migration for case NNR is mainly caused by the retreat of trenches to the south of the superocean 366 
during the breakup of the first supercontinent (SC1) and opening of internal oceans IO2 and IO3 367 
(Fig. 1). Surface divergence migrates more in cases SSL and OV in the presence of net lithospheric 368 
rotation. The 640-400 Ma migration is mainly related to the assembly of supercontinent SC2 at 369 
620 Ma (a landward trench migration in the southern part of the superocean), followed by its 370 
breakup at 600 Ma (trench retreat due to the opening of internal oceans IO4 and IO5 respectively 371 
at 600 Ma and 500 Ma), and also to the southward motion of the triple junction during this period. 372 
The fluctuation after 100 Ma is mainly related to the final Gondwana breakup, to a plate 373 
reorganization around the Pacific at ~50 Ma due to Izanagi-Pacific ridge subduction (e.g. Seton et 374 
al., 2015) and the opening of Western Pacific back-arc basins in the Cenozoic. 375 
Lower mantle radial velocity and temperature degree-2 maxima largely follow the path of 376 
surface divergence (except between 640-300 Ma, see below), regardless of the reference frame 377 
(Figs 11 and S12). For example, case SSL leads to similar locations of basal thermochemical 378 
structures during supercontinents SC1 (900-800 Ma) and Pangea (300-200 Ma), and case OV leads 379 
to a westward motion of basal mantle structure by ~90º between 900 Ma and 200 Ma (Fig. 12). 380 
This indicates that the evolution of deep mantle flow and structure follows that of surface plate 381 
tectonics, and that in cases SSL and OV surface net lithospheric rotation results in induced lower 382 
mantle rotation (e.g. Rudolph and Zhong, 2014). The rate of motion of basal thermochemical 383 
structures in all cases is generally below 0.6 °/Myr (Figs 12 and S13), with an average of 0.16 384 
°/Myr for cases NNR and NNR_WU, 0.20-0.22 °/Myr for cases SSL and SSL_WU and 0.22-0.23 385 
°/Myr for cases OV and OV_WU. Basal thermochemical structures are much less mobile in cases 386 




The 160-240 Myr delay in adjustment of lower mantle temperature following a change in 388 
surface divergence at ~620 Ma is notable (Fig. 12). This lag is related to changes in the subduction 389 
zone network from 620 Ma during the assembly and breakup of supercontinent SC2, with some 390 
trenches overlying basal thermochemical structures (Fig. 6); for example, a subduction zone is 391 
above the southern African basal thermochemical structure at 600 Ma (due to a landward trench 392 
motion). Sinking slabs split the basal thermochemical structure and push its southernmost part 393 
towards the southern Pacific basal thermochemical structure (Fig. 6). Similarly, a subduction zone 394 
sunk onto the northern Pacific basal thermochemical structure at 400 Ma due to trench retreat 395 
between 500-410 Ma (during the opening of IO5) and a change in plate boundaries to 396 
accommodate the Amuria block at 410 Ma (see section 1.1). We note that this fast trench retreat 397 
causes slabs to stagnate in the mantle transition. This slab stagnation before slabs penetrate in the 398 
lower mantle not only slows the adjustment of lower mantle structure to surface change, causing 399 
some time lag of lower mantle evolution relative to surface changes, but also facilitate the retreat 400 
of the trench to above the Pacific basal thermochemical structure (without pushing it away). The 401 
Pacific basal thermochemical structure migrated northwestward between 500-410 Ma (Fig. 13), 402 
mainly driven by northwestward trench retreat along the eastern superocean. Slabs penetrated into 403 
the lower mantle from ~410 Ma, which reverted the northwestard mantle flow to southward, 404 
pushing the northernmost part of Pacific structure towards the African structure, while the main 405 
part of the Pacific structure (represented by the Pacific maximum of degree-2 lower mantle 406 
temperature) southward until 200 Ma. The African structure was much less mobile between 410-407 
200 Ma. The obvious northward motion of the African maximum of degree-2 lower mantle 408 
temperature during that time period (Fig. 12) is due to the motion of separated northernmost Pacific 409 




between the two basal thermochemical structures (reorganisation of lower mantle structures), takes 411 
around 400 Ma (600-200 Ma) in total, and causes a time lag of 160-240 Myr for the long-412 
wavelength lower mantle temperature field to adjust to the surface divergence field. This delay is 413 
up to 240-Myr long in our models, which is much longer than the ~150 Myr delay from Bunge et 414 
al. (1998); this is likely because: 1) the slab sinking rate is lower in extended Boussinesq models 415 
than Boussinesq models (e.g. Flament, 2019), and 2) thermochemical piles were split by sinking 416 
slabs and reorganized between 600-200 Ma in our models (Fig. 6), while Bunge et al. (1998) only 417 
modelled mantle flow for the past 119 Myr.  During this time period the subduction girdle did not 418 
overlie LLSVPs. 419 
5 Discussion 420 
Our mantle flow models constrained by alternative synthetic plate tectonic reconstructions 421 
confirm that deep mantle convection is linked to surface plate motions (e.g. Zhong et al., 2007). 422 
Cases NNR, SSL and OV, constrained by reconstructions that only differ in surface net rotation, 423 
predict very different evolution of lower mantle structure, indicating that surface net rotation 424 
induces lower mantle net rotation (Rudolph & Zhong, 2014). Net lithospheric rotation is generally 425 
thought to be caused by different viscous coupling between lithosphere and mantle due to lateral 426 
viscosity variations (e.g. Conrad & Behn, 2010; Rudolph & Zhong, 2014). The net lithospheric 427 
rotation in cases SSL and OV reaches up to 0.5 °/Myr at around 240 Ma, much larger than an upper 428 
limit of 0.26°/Myr proposed from global azimuthal anisotropy by Conrad & Behn (2010). This 429 
surface net lithospheric rotation induces mantle net rotation, which is reflected by larger migration 430 
rates of basal thermochemical structures in cases SSL, SSL_WU, OV and OV_WU (0.20-0.23 431 
°/Myr on average) compared to cases NNR and NNR_WU (0.16 °/Myr on average). Cases NNR 432 




preferred models. The coupled evolution of surface kinematics and basal mantle structure in cases 434 
NNR and NNR_WU implies that if we could build an SSL or OV plate tectonic model without net 435 
lithospheric rotation (e.g. by modifying motion history of oceanic plates), basal mantle structures 436 
would still follow the surface tectonic evolution. 437 
The average migration rate of the African maximum of degree-2 lower mantle temperature 438 
clusters for the last 200 Myr is 0.108 °/Myr and 0.104 °/Myr respectively for cases NNR and 439 
NNR_WU, and between 0.097-0136 °/Myr for the other four cases, which is similar to the rate of 440 
1 cm/year (0.090 °/Myr) for the Perm Anomaly suggested by Flament et al. (2017a). This result 441 
implies that large basal thermochemical structures may be as mobile as small ones. Based on the 442 
offset between the post-Rupelian Hawaiian–Emperor seamount chain and the predicted track using 443 
plate reconstructions in an Indo-Atlantic hotspots reference frame, Bono et al. (2019) suggested 444 
that the African basal structure has moved by 1.3 cm/yr (0.116 °/Myr) since 28 Ma. Our models 445 
are consistent with this finding, as cases NNR and NNR_WU predict that the African maximum 446 
of the degree-2 structure has moved by 0.135 °/Myr and 0.146 °/Myr, respectively, over the last 447 
40 Myr. We note that the post-100 Ma acceleration in the motion of the degree-2 maxima of surface 448 
divergence motion is somewhat reflected in the motion of the degree-2 maxima of lower mantle 449 
radial velocity, but not in the motion of the degree-2 maxima of lower mantle temperature. This 450 
suggests that the basal structure of the mantle may be delayed (e.g. Domeier et al., 2016), and will 451 
occur when slabs currently stagnating at the top of the lower mantle (e.g. Li et al., 2008) eventually 452 
sink into the lower mantle. 453 
The hypothesis that hot basal mantle structures could have been fixed over time, which 454 
arose from the spatial relationship between reconstructed LIPs and kimberlites for the past 320 455 




changes in plate configuration do not affect the shape of hot basal mantle structures, and suggests 457 
that lower mantle structures could control surface tectonic configurations (Dziewonski et al., 458 
2010). However, it is unclear if the link between present-day LLSVPs and LIPs and kimberlites 459 
for the past 320 Myr can be extrapolated in deep time: present-day LLSVPs are located away from 460 
subduction zones over the past 250 Myr, but existing pre-Pangea reconstructions suggest that 461 
earlier subduction zones occurred over the present-day location of LLSVPs (e.g. Domeier & 462 
Torsvik, 2014; Flament et al., 2017b; Young et al., 2019). For example, the convergence zone 463 
between Laurussia and Gondwana during Pangea assembly overlaid the African LLSVP (e.g. 464 
Young et al., 2019). In our top-down models and in previous similar models over shorter time 465 
scales (e.g. McNamara & Zhong, 2005), basal mantle structures deform and migrate in response 466 
to changes in the long-wavelength surface divergence field. Even case SSL, in which 467 
supercontinents are assumed to form over the fixed African hot basal mantle structure, and case 468 
NNR, in which the surface net lithospheric rotation is removed, result in migrating deep mantle 469 
structures. 470 
We use the degree-2 component of surface divergence, lower mantle radial velocity and 471 
temperature fields to explore the surface-basal mantle connection, because degree-2 power is 472 
generally the largest or second largest in the three fields predicted by our models (Figs 8, S7 and 473 
S8). The degree-2 divergence component alone is not a sufficiently robust indicator of the 474 
complete past mantle flow field (Rudolph and Zhong, 2013); therefore we use it here purely as an 475 
indicator of the degree-2 mantle flow field, which is meaningful when the degree-2 contributions 476 
to lower mantle flow are significant. Surface divergence power spectra are flatter (i.e. with 477 
significant power up to degree > 20) than lower mantle radial velocity and temperature power 478 




degree > 16. This is likely because, compared to long-wavelength structures on the surface, shorter 480 
wavelength structures are generally short-lived and have much less influence in the deep mantle. 481 
Even though degree-1 contributions to surface divergence are significant as well, they mainly 482 
reflect the larger divergence in the superocean hemisphere and weaker divergence in the 483 
(super)continent hemisphere, which is not the primary focus of this contribution. In contrast to the 484 
idea of long-term stability of mantle upwelling beneath Africa and the Pacific Ocean (Conrad et 485 
al., 2013), we find that degree-2 divergence maxima and lower mantle structure are mobile over 486 
time (Figs 11 and S12). We also show that if lower mantle flow quickly adjusts to surface 487 
kinematics (e.g. Mitrovica & Forte, 1998), it may take ~160-240 Myr for the thermal structure of 488 
the lower mantle to adjust to changes in plate reorganisations as slabs can reorganise hot basal 489 
thermochemical structures with or without stagnating in the transition zone. 490 
We find that slabs generally penetrate the lower mantle, although they may stagnate in the 491 
transition zone due to fast trench retreat (Fig. 13). This result is consistent with seismic studies 492 
image slabs penetrating the lower mantle, in some cases to the core‐mantle boundary, which 493 
supports a link between plate boundaries and whole-mantle convection (e.g. Van der Hilst et al., 494 
1997; Grand et al. 1997; Fukao & Obayashi, 2013; Obayashi et al., 2013). Moreover, the sinking 495 
of slabs into the lower mantle also provides a good explanation for observed geoid anomalies 496 
(Hager et al., 1985). Geoid anomalies are not computed here, because forward mantle flow models 497 
are known not reproduce the observed geoid well (e.g. Flament, 2019). Some slabs are 498 
tomographically imaged as stagnating, such as the Pacific slab under east Asia (Li et al., 2008), 499 
which is consistent with our model and previous similar models (Seton et al., 2015), although 500 
stagnating slabs are sometimes used as an argument in favour of layered convection (e.g. Molnar, 501 




Mukhopadhyay & Parai, 2019), suggesting the existence of chemically different reservoirs in the 503 
mantle, which is discrepant with the idea of efficient convective mixing across the whole mantle. 504 
These primitive materials are now generally considered to be sourced from the lower mantle (e.g. 505 
Mukhopadhyay & Parai, 2019), and could be transported from chemically distinct hot basal mantle 506 
structures to the surface by deep mantle plumes (Deschamps et al., 2011). 507 
Our time-dependent model shows that hot basal thermochemical structures form under a 508 
supercontinent in response to circum-supercontinent subduction, which is consistent with the 509 
steady-state model of (Zhong et al., 2007). In our models, the lower mantle is dominated by degree-510 
2 structures most of the time, which is in contrast to the alternation between degree-1 and degree-511 
2 lower mantle structures proposed by Zhong et al. (2007). This is because Zhong et al. (2007) 512 
considered end-member steady-state models with a supercontinent (degree-2) and without any 513 
continents (degree-1). In contrast, we considered the time-dependent motion of oceanic and 514 
continental plates, and find that continental blocks are not sufficiently small and scattered around 515 
the surface to result in degree-1 lower mantle convection planform. This result is important, 516 
because some studies of past supercontinent configurations assume that the lower mantle planform 517 
has alternated between degree-1 and degree-2 over the past billion years (e.g. Li et al., 2019), with 518 
proposed consequences for long-term sea level fluctuations (Le Pichon et al., 2019). Our results 519 
suggest that a degree-1 lower mantle convection planform could have existed earlier in Earth 520 
history, when the volume of continents might have been smaller (e.g. Dhuime et al., 2015). In this 521 
scenario, the apparent magmatic lull between 2.3 Ga and 2.2 Ga (e.g. Spencer et al., 2018) could 522 
reflect the transition from a degree-1 to a degree-2 lower mantle planform, assuming the lower 523 




Introversion and extroversion have been proposed as two end-member scenarios for 525 
assembly of successive supercontinents. The transition between subsequent supercontinents 526 
generally involves both end-member models (e.g. Murphy & Nance, 2003). Li et al. (2019) 527 
proposed that the transition from Rodinia to Pangea occurred by extroversion, while the final 528 
assembly of Pangea through the closure of young interior Iapetus and Rheic oceans is thought to 529 
have occurred by introversion (Murphy & Nance, 2008). In the global tectonic reconstruction by 530 
Merdith et al. (2017) with continuous closed plate boundaries for the period 1000-520 Ma, the 531 
transition from Rodinia to Pangea involves both introversion and extroversion, and the majority 532 
of the superocean external to Rodinia outlasted this supercontinent cycle, as opposed to being fully 533 
closed in a pure extroversion scenario. In this study, we focused on the introversion scenario 534 
because it is simpler and it makes it straightforward to test the “stable LLSVPs” hypothesis (cases 535 
SSL and SSL_WU) (e.g. Torsvik et al., 2010). Whether an alternation between degree-1 and 536 
degree-2 lower mantle convection planforms may occur in the presence of a significant volume of 537 
continental crust, for example in a scenario in which Pangea was assembled by extroversion (e.g. 538 
Li et al., 2019), remains to be determined. In addition, the second supercontinent in our synthetic 539 
reconstructions assembled between 620-600 Ma to mimic Pannotia, which is a controversial 540 
supercontinent (e.g. Nance & Murphy, 2019). We note that largest continental blocks (except for 541 
North China and Siberia) are very closely gathered at ~600 Ma in published plate motion models 542 
without supercontinent Pannotia (e.g. Li et al., 2008; Merdith et al., 2017). This suggests that the 543 
implementation of Pannotia in our synthetic plate reconstructions is consistent with first-order 544 
geological observations, even though narrow internal seas might have existed between Pannotian 545 
continental blocks. Including such narrow internal seas should not significantly influence predicted 546 




The pre-250 Ma motion of oceanic plates and related convergence rates (Fig. S2) are 548 
constructed synthetically, designed to test end-member scenarios of plate-mantle interaction. In 549 
addition, whether the LLSVPs are chemically distinct from the ambient mantle remains debated 550 
(e.g. Ni et al., 2002; Bower et al., 2013; To et al., 2005; Davies et al., 2012). Mantle flow models 551 
have predicted basal mantle structures comparable to seismic tomographic models with a 2-5% 552 
excess density for basal structures (e.g. Flament et al., 2017a), or considering purely thermal 553 
convection (e.g. Davies et al., 2012). Observational constraints remain ambiguous, with recent 554 
studies suggesting excess density for LLSVPs from tidal tomography (e.g. Lau et al., 2017) and 555 
waveform modeling (He & Wen, 2009; Wang & Wen, 2007), or purely thermal structures from 556 
global tomography including Stoneley modes (Koelemeijer et al., 2017). To assess the sensitivity 557 
of the models to parameters, we ran three mantle flow models identical to case NNR but with 558 
imposed plate velocities scaled by 1/2 (NNR_SV), with a basal layer initially twice as thick 559 
(226 km, NNR_TB), and without excess density in the basal layer (NNR_TH). Case NNR_SV did 560 
not reproduce a reasonable African LLSVP due to low convergence rate (Fig. S14). The degree-2 561 
maxima of lower mantle temperature field was more stable, as expected, although still influenced 562 
by surface divergence (Fig. S15). In contrast, the degree-2 maxima of lower mantle radial flow 563 
still followed the motion path of the maxima of surface divergence (Fig. S15). This result indicates 564 
even though lower mantle velocity field responded rapidly to surface kinematic changs, the 565 
velocity filed was too weak to advect the basal mantle. Case NNR_TB predicted motion history 566 
of thermochemical piles similar to case NNR (Fig. S15), indicating that the motion characteristics 567 
of basal mantle structure predicted by our models are not particularly sensitive to their volume. 568 
Case NNR_TH, which results in a network of interconnected basal ridges, did not match the 569 




previous workers reconciled purely thermal basal structures by considering seismic filtering and 571 
mineral physics (e.g. Davies et al., 2012). In these isochemical models, sinking slabs also shape 572 
the basal mantle and result in present-day hot anomalies beneath the Pacific and Africa (e.g. Davies 573 
et al., 2012): deep mantle structures evolve with surface plate motions regardless of the density of 574 
the basal layer. 575 
6 Conclusions 576 
The assembly and breakup of supercontinents have shaped Earth’s surface for hundreds of 577 
millions of years. The evolution of the structure of the deep mantle is debated, with a model in 578 
which basal mantle structures could have remained stationary over time, and a second model in 579 
which tectonic configurations shape the planform of deep mantle convection and cause basal 580 
structures to deform and migrate. Our conceptual reconstructions of past surface tectonics and 581 
mantle flow back to one billion years show that basal mantle structures evolve in response to 582 
surface plate configuration change, indicating the whole mantle and lithosphere is one dynamic 583 
system, and that the basal thermochemical structures are part of the flow as opposed to isolated 584 
from it. The rate of migration of the degree-2 maxima of lower mantle temperature rate is generally 585 
below 0.6°/Myr; the average motion rate is 0.16 °/Myr in the absence of net lithospheric rotation 586 
in the tectonic reconstruction. The rate is 0.20-0.22 °/Myr and 0.22-0.23 °/Myr for cases of 587 
assuming stable supercontinent locations and orthoversion model, respectively, which is relatively 588 
higher because of induced lower mantle net rotation. We find that in the presence of continents the 589 
lower mantle structure is dominated by spherical harmonic degree 2 most of the time, in contrast 590 
to the previously suggested alternation between degree 1 and degree 2. We observe a time lag 591 




deep mantle due to the reorganization of hot thermochemical basal structures by slabs sinking in 593 
the lower mantle, sometimes after stagnating in the transition zone. 594 
 595 
Acknowledgments: We thank A. Merdith for sharing a reconstruction in preparation, S. Zahirovic 596 
and A. Young for suggestions on tectonic reconstructions, S. Zhong and W. Mao for help with 597 
calculating divergence, S. Williams for help with creating seafloor age maps, J. Cannon for help 598 
with pygplates, C. Huang for discussion, N. Zhang and an anonymous reviewer for constructive 599 
comments that improved the manuscript. Figures were made using GMT (Wessel et al., 2019) and 600 
matplotlib. X. C. was supported by National Natural Science Foundation of China (No. 92958214), 601 
N. F. was supported by ARC grant LP170100863 and R. D. M. was supported by ARC grant 602 
IH130200012. This research benefited from the assistance of resources from the National 603 
Computational Infrastructure (NCI), which is supported by the Australian Government. The three 604 




Auer, L., Boschi, L., Becker, T., Nissen‐Meyer, T., & Giardini, D. (2014). Savani: A variable 609 
resolution whole‐mantle model of anisotropic shear velocity variations based on multiple 610 
data sets. Journal of Geophysical Research: Solid Earth, 119(4), 3006-3034.  611 
Becker, T. W. (2006). On the effect of temperature and strain-rate dependent viscosity on global 612 
mantle flow, net rotation, and plate-driving forces. Geophysical Journal International, 613 




Bono, R. K., Tarduno, J. A., & Bunge, H. P. (2019). Hotspot motion caused the Hawaiian-615 
Emperor Bend and LLSVPs are not fixed. Nature Communications, 10(1), 3370.  616 
Bower, D. J., Gurnis, M., & Flament, N. (2015). Assimilating lithosphere and slab history in 4-D 617 
Earth models. Physics of the Earth and Planetary Interiors, 238, 8-22. 618 
Bower, D. J., Gurnis, M., & Seton, M. (2013). Lower mantle structure from paleogeographically 619 
constrained dynamic Earth models. Geochemistry, Geophysics, Geosystems, 14(1), 44-63.  620 
Bunge, H. P., Richards, M. A., Lithgow-Bertelloni, C., Baumgardner, J. R., Grand, S. P., & 621 
Romanowicz, B. A. (1998). Time scales and heterogeneous structure in geodynamic 622 
Earth models. Science, 280(5360), 91-95. 623 
Burke, K., Steinberger, B., Torsvik, T. H., & Smethurst, M. A. (2008). Plume Generation Zones 624 
at the margins of Large Low Shear Velocity Provinces on the core–mantle boundary. 625 
Earth and Planetary Science Letters, 265(1-2), 49-60. 626 
Conrad, C. P., & Behn, M. D. (2010). Constraints on lithosphere net rotation and asthenospheric 627 
viscosity from global mantle flow models and seismic anisotropy. Geochemistry, 628 
Geophysics, Geosystems, 11(5).  629 
Conrad, C. P., Steinberger, B., & Torsvik, T. H. (2013). Stability of active mantle upwelling 630 
revealed by net characteristics of plate tectonics. Nature, 498(7455), 479-482.  631 
Davies, D. R., Goes, S., Davies, J. H., Schuberth, B. S. A., Bunge, H. P., & Ritsema, J. (2012). 632 
Reconciling dynamic and seismic models of Earth's lower mantle: The dominant role of 633 
thermal heterogeneity. Earth and Planetary Science Letters, 353-354, 253-269.  634 
Deschamps, F., Kaminski, E., & Tackley, P. J. (2011). A deep mantle origin for the primitive 635 




Dhuime, B., Wuestefeld, A., & Hawkesworth, C. J. (2015). Emergence of modern continental 637 
crust about 3 billion years ago. Nature Geoscience, 8(7), 552-555.  638 
Domeier, M., Doubrovine, P. V., Torsvik, T. H., Spakman, W., & Bull, A. L. (2016). Global 639 
correlation of lower mantle structure and past subduction. Geophys Res Lett, 43(10), 640 
4945-4953. 641 
Domeier, M., & Torsvik, T. H. (2014). Plate tectonics in the late Paleozoic. Geoscience 642 
Frontiers, 5(3), 303-350.  643 
Dziewonski, A. M., Lekic, V., & Romanowicz, B. A. (2010). Mantle anchor structure: an 644 
argument for bottom up tectonics. Earth and Planetary Science Letters, 299(1-2), 69-79.  645 
Flament, N. (2019). Present-day dynamic topography and lower-mantle structure from 646 
palaeogeographically constrained mantle flow models. Geophysical Journal 647 
International, 216(3), 2158-2182.  648 
Flament, N., Williams, S., Muller, R. D., Gurnis, M., & Bower, D. J. (2017). Origin and 649 
evolution of the deep thermochemical structure beneath Eurasia. Nature 650 
Communications, 8, 14164.  651 
Flament, N., Williams, S., Müller, R. D., Gurnis, M., & Bower, D. J. (2017). Correspondence: 652 
Reply to ‘Numerical modelling of the PERM anomaly and the Emeishan large igneous 653 
province’. Nature Communications, 8(1), 1-4.  654 
French, S., & Romanowicz, B. (2014). Whole-mantle radially anisotropic shear velocity 655 
structure from spectral-element waveform tomography. Geophysical Journal 656 




Fukao, Y., & Obayashi, M. (2013). Subducted slabs stagnant above, penetrating through, and 658 
trapped below the 660 km discontinuity. Journal of Geophysical Research: Solid Earth, 659 
118(11), 5920-5938.  660 
Gamal El Dien, H., Doucet, L. S., & Li, Z. X. (2019). Global geochemical fingerprinting of 661 
plume intensity suggests coupling with the supercontinent cycle. Nature 662 
Communications, 10(1), 5270.  663 
Hager, B. H., Clayton, R. W., Richards, M. A., Comer, R. P., & Dziewonski, A. M. (1985). 664 
Lower mantle heterogeneity, dynamic topography and the geoid. Nature, 313(6003), 541-665 
545.  666 
Hassan, R., Flament, N., Gurnis, M., Bower, D. J., & Müller, D. (2015). Provenance of plumes in 667 
global convection models. Geochemistry, Geophysics, Geosystems, 16(5), 1465-1489. 668 
He, Y., & Wen, L. (2009). Structural features and shear-velocity structure of the “Pacific 669 
Anomaly”. Journal of Geophysical Research, 114(B2).  670 
Hoffman, P. F. (1991). Did the breakout of Laurentia turn Gondwanaland inside-out? Science, 671 
252(5011), 1409-1412.  672 
Houser, C., Masters, G., Shearer, P., & Laske, G. (2008). Shear and compressional velocity 673 
models of the mantle from cluster analysis of long-period waveforms. Geophysical 674 
Journal International, 174(1), 195-212.  675 
Koelemeijer, P., Deuss, A., & Ritsema, J. (2017). Density structure of Earth’s lowermost mantle 676 
from Stoneley mode splitting observations. Nature Communications, 8(1), 1-10.  677 
Kustowski, B., Ekström, G., & Dziewoński, A. (2008). Anisotropic shear‐wave velocity structure 678 
of the Earth's mantle: A global model. Journal of Geophysical Research: Solid Earth, 679 




Lau, H. C., Mitrovica, J. X., Davis, J. L., Tromp, J., Yang, H.-Y., & Al-Attar, D. (2017). Tidal 681 
tomography constrains Earth’s deep-mantle buoyancy. Nature, 551(7680), 321-326.  682 
Le Pichon, X., Şengör, A. M. C., & İmren, C. (2019). Pangea and the Lower Mantle. Tectonics, 683 
38(10), 3479-3504.  684 
Lekic, V., Cottaar, S., Dziewonski, A., & Romanowicz, B. (2012). Cluster analysis of global 685 
lower mantle tomography: A new class of structure and implications for chemical 686 
heterogeneity. Earth and Planetary Science Letters, 357-358, 68-77.  687 
Li, C., van der Hilst, R. D., Engdahl, E. R., & Burdick, S. (2008). A new global model for P 688 
wave speed variations in Earth's mantle. Geochemistry, Geophysics, Geosystems, 9(5).  689 
Li, Z. X., Mitchell, R. N., Spencer, C. J., Ernst, R., Pisarevsky, S., Kirscher, U., & Murphy, J. B. 690 
(2019). Decoding Earth’s rhythms: Modulation of supercontinent cycles by longer 691 
superocean episodes. Precambrian Research, 323, 1-5.  692 
Lithgow‐Bertelloni, C., Richards, M. A., Ricard, Y., O'Connell, R. J., & Engebretson, D. C. 693 
(1993). Toroidal‐poloidal partitioning of plate motions since 120 Ma. Geophysical 694 
Research Letters, 20(5), 375-378.  695 
MacQueen, J. (1967). Some methods for classification and analysis of multivariate observations. 696 
Paper presented at the Proceedings of the fifth Berkeley symposium on mathematical 697 
statistics and probability. 698 
McNamara, A. K., & Zhong, S. (2005). Thermochemical structures beneath Africa and the 699 
Pacific Ocean. Nature, 437(7062), 1136-1139.  700 
Mégnin, C., & Romanowicz, B. (2000). The three‐dimensional shear velocity structure of the 701 
mantle from the inversion of body, surface and higher‐mode waveforms. Geophysical 702 




Mitchell, R. N., Kilian, T. M., & Evans, D. A. (2012). Supercontinent cycles and the calculation 704 
of absolute palaeolongitude in deep time. Nature, 482(7384), 208-211.  705 
Mitrovica, J., & Forte, A. (1998). New insights obtained from joint inversions for the radial 706 
profile of mantle viscosity. Physics and Chemistry of the Earth, 23(9-10), 857-863.  707 
Molnar, P. (2019). Lower Mantle Dynamics Perceived With 50 Years of Hindsight From Plate 708 
Tectonics. Geochemistry, Geophysics, Geosystems, 20(12), 5619-5649.  709 
Müller, R. D., Cannon, J., Qin, X., Watson, R. J., Gurnis, M., Williams, S., et al. (2018). 710 
GPlates: Building a Virtual Earth Through Deep Time. Geochemistry, Geophysics, 711 
Geosystems, 19(7), 2243-2261.  712 
Mukhopadhyay, S., & Parai, R. (2019). Noble gases: a record of Earth's evolution and mantle 713 
dynamics. Annual Review of Earth and Planetary Sciences, 47, 389-419.  714 
Murphy, J. B., & Nance, R. D. (2003). Do supercontinents introvert or extrovert?: Sm-Nd 715 
isotope evidence. Geology, 31(10), 873-876.  716 
Murphy, J. B., & Nance, R. D. (2008). The Pangea conundrum. Geology, 36(9). 717 
Nance, R. D., & Murphy, J. B. (2019). Supercontinents and the case for Pannotia. Geological 718 
Society, London, Special Publications, 470(1), 65-86.  719 
Ni, S., Tan, E., Gurnis, M., & Helmberger, D. (2002). Sharp sides to the African superplume. 720 
Science, 296(5574), 1850-1852.  721 
Obayashi, M., Yoshimitsu, J., Nolet, G., Fukao, Y., Shiobara, H., Sugioka, H., et al. (2013). 722 
Finite frequency whole mantlePwave tomography: Improvement of subducted slab 723 
images. Geophysical Research Letters, 40(21), 5652-5657.  724 
Ritsema, J., Deuss, a. A., Van Heijst, H., & Woodhouse, J. (2011). S40RTS: a degree-40 shear-725 




and normal-mode splitting function measurements. Geophysical Journal International, 727 
184(3), 1223-1236.  728 
Rolf, T., Capitanio, F. A., & Tackley, P. J. (2018). Constraints on mantle viscosity structure from 729 
continental drift histories in spherical mantle convection models. Tectonophysics, 746, 730 
339-351.  731 
Rudolph, M., Lourenço, D. L., Moulik, P., & Lekic, V. (2020). Long-wavelength Mantle 732 
Structure: Geophysical Constraints and Dynamical Models.  733 
Rudolph, M. L., & Zhong, S. (2013). Does quadrupole stability imply LLSVP fixity? Nature, 734 
503(7477), E3-4.  735 
Rudolph, M. L., & Zhong, S. J. (2014). History and dynamics of net rotation of the mantle and 736 
lithosphere. Geochemistry, Geophysics, Geosystems, 15(9), 3645-3657.  737 
Schellart, W. P. (2008). Kinematics and flow patterns in deep mantle and upper mantle 738 
subduction models: Influence of the mantle depth and slab to mantle viscosity ratio. 739 
Geochemistry, Geophysics, Geosystems, 9(3).  740 
Seton, M., Flament, N., Whittaker, J., Müller, R. D., Gurnis, M., & Bower, D. J. (2015). Ridge 741 
subduction sparked reorganization of the Pacific plate‐mantle system 60–50 million years 742 
ago. Geophysical Research Letters, 42(6), 1732-1740.  743 
Simmons, N. A., Forte, A. M., Boschi, L., & Grand, S. P. (2010). GyPSuM: A joint tomographic 744 
model of mantle density and seismic wave speeds. Journal of Geophysical Research: 745 
Solid Earth, 115(B12).  746 
Spencer, C. J., Murphy, J. B., Kirkland, C. L., Liu, Y., & Mitchell, R. N. (2018). A 747 
Palaeoproterozoic tectono-magmatic lull as a potential trigger for the supercontinent 748 




Steinberger, B., & Calderwood, A. R. (2006). Models of large-scale viscous flow in the Earth's 750 
mantle with constraints from mineral physics and surface observations. Geophysical 751 
Journal International, 167(3), 1461-1481.  752 
To, A., Romanowicz, B., Capdeville, Y., & Takeuchi, N. (2005). 3D effects of sharp boundaries 753 
at the borders of the African and Pacific Superplumes: Observation and modeling. Earth 754 
and Planetary Science Letters, 233(1-2), 137-153.  755 
Torsvik, T. H., Burke, K., Steinberger, B., Webb, S. J., & Ashwal, L. D. (2010). Diamonds 756 
sampled by plumes from the core-mantle boundary. Nature, 466(7304), 352-355.  757 
Torsvik, T. H., Steinberger, B., Gurnis, M., & Gaina, C. (2010). Plate tectonics and net 758 
lithosphere rotation over the past 150My. Earth and Planetary Science Letters, 291(1-4), 759 
106-112.  760 
Tosi, N., Yuen, D. A., de Koker, N., & Wentzcovitch, R. M. (2013). Mantle dynamics with 761 
pressure- and temperature-dependent thermal expansivity and conductivity. Physics of the 762 
Earth and Planetary Interiors, 217, 48-58.  763 
Van der Hilst, R. D., Widiyantoro, S., & Engdahl, E. (1997). Evidence for deep mantle 764 
circulation from global tomography. Nature, 386(6625), 578-584.  765 
Wang, Y., & Wen, L. (2007). Geometry and P and S velocity structure of the “African 766 
Anomaly”. Journal of Geophysical Research, 112(B5).  767 
Wen, L., & Anderson, D. L. (1995). The fate of slabs inferred from seismic tomography and 130 768 
million years of subduction. Earth and Planetary Science Letters, 133(1-2), 185-198.  769 
Wessel, P., Luis, J. F., Uieda, L., Scharroo, R., Wobbe, F., Smith, W. H. F., & Tian, D. (2019). 770 




Wieczorek, M. A., & Meschede, M. (2018). Shtools: Tools for working with spherical 772 
harmonics. Geochemistry, Geophysics, Geosystems, 19(8), 2574-2592.  773 
Williams, S., Wright, N. M., Cannon, J., Flament, N., & Müller, R. D. (2020). Reconstructing 774 
seafloor age distributions in lost ocean basins. Geoscience Frontiers. 775 
Williams, S., Flament, N., Müller, R. D., & Butterworth, N. (2015). Absolute plate motions since 776 
130 Ma constrained by subduction zone kinematics. Earth and Planetary Science Letters, 777 
418, 66-77.  778 
Young, A., Flament, N., Maloney, K., Williams, S., Matthews, K., Zahirovic, S., & Müller, R. D. 779 
(2019). Global kinematics of tectonic plates and subduction zones since the late 780 
Paleozoic Era. Geoscience Frontiers, 10(3), 989-1013.  781 
Zahirovic, S., Müller, R. D., Seton, M., & Flament, N. (2015). Tectonic speed limits from plate 782 
kinematic reconstructions. Earth and Planetary Science Letters, 418, 40-52.  783 
Zhang, N., Zhong, S., Leng, W., & Li, Z.-X. (2010). A model for the evolution of the Earth's 784 
mantle structure since the Early Paleozoic. Journal of Geophysical Research, 115(B6).  785 
Zhong, S., McNamara, A., Tan, E., Moresi, L., & Gurnis, M. (2008). A benchmark study on 786 
mantle convection in a 3-D spherical shell using CitcomS. Geochemistry, Geophysics, 787 
Geosystems, 9(10).  788 
Zhong, S., & Rudolph, M. L. (2015). On the temporal evolution of long-wavelength mantle 789 
structure of the Earth since the early Paleozoic. Geochemistry, Geophysics, Geosystems, 790 
16(5), 1599-1615.  791 
Zhong, S., Zhang, N., Li, Z.-X., & Roberts, J. H. (2007). Supercontinent cycles, true polar 792 
wander, and very long-wavelength mantle convection. Earth and Planetary Science 793 






Figure 1. Schematic representation of conceptual supercontinent and deep earth structure locations 797 
in reconstructions SSL (stable supercontinent location; Dziewonski et al., 2010) and OV 798 
(orthoversion; Mitchell et al., 2012), for a scenario of supercontinent breakup and reassembly by 799 
introversion. In reconstruction SSL, all supercontinents occur in the same location. In 800 
reconstruction OV, successive supercontinents are offset by 90°. 801 









Figure 2. Synthetic plate reconstructions NNR, SSL and OV from left to right, since 1000 Ma. 805 
The 1000-250 Ma part is synthetic, and the 250-0 Ma part is from Young et al. (2019). Three 806 
supercontinents assemble by introversion: SC1 (900-800 Ma), SC2 (620-600 Ma) and Pangea 807 
(320-200 Ma). Supercontinents assemble in the same location in reconstruction SSL, while SC1 is 808 
located 90° to the east of Pangea in reconstruction OV. The colour scale shows ocean floor age. 809 
Mid-ocean ridges are shown as white solid lines, subduction zones as toothed black lines, and grey 810 
polygons denote reconstructed coastlines and sutures. EO1 and EO2 are small exterior oceans and 811 
IO1, IO2, IO3, IO4 and IO5 are small interior oceans formed during supercontinent breakup. 812 





Figure 3. Net lithospheric rotation through time for our three plate reconstructions. 815 
Reconstructions SSL and OV are identical to that of Young et al. (2019) between 250-0 Ma. Net 816 
lithospheric rotation is essentially removed in reconstruction NNR. The black dash‐dotted line 817 
represents the net lithospheric rotation upper limit of 0.26°/Myr constrained by global azimuthal 818 
anisotropy (Conrad & Behn, 2010). The black dashed line denotes the estimated mean net 819 
lithospheric rotation of 0.12°/Myr for the past 150 Myr (Torsvik et al., 2010b). The black solid 820 
line is the estimated net lithospheric rotation lower limit of 0.023°/Myr from Becker (2006). 821 
 822 





Figure 4. Initial mantle temperature at 1000 Ma for case NNR. (a) Temperature at 60 km depth. 825 
Mid-ocean ridges and transform faults are plotted as yellow lines, subduction zones as magenta 826 
lines with triangles on the overriding plate, reconstructed coastlines and sutures as grey polygons. 827 




upper–lower-mantle boundary and the dashed brown line outlines the compositionally distinct 829 
basal layer. The numbers above the colour scale denote non-dimensional temperature, and the 830 
number below the colour scale denote dimensional temperature. 831 





Figure 5. Horizontally averaged present-day temperature and viscosity for case NNR. (a) 834 
Horizontally averaged present-day temperature (magenta line). The grey dashed lines are the 835 
minimum and maximum temperatures. (b) Horizontally averaged present-day viscosity for case 836 
NNR (magenta line) and from Steinberger & Calderwood (2006) (grey line). 837 





Figure 6. Lower mantle temperature anomalies between 1000-2800 km depths for cases NNR, 840 
SSL, and OV grouped into two clusters, with high-temperature clusters in red and low-temperature 841 
clusters in blue. Two high-temperature regions are separated by a ring of low-temperature material 842 
most of the time. The lower mantle is dominated by the high-temperature cluster in the early stages 843 




day lower mantle is characterized by two high-temperature regions respectively under the Pacific 845 
Ocean and around Africa for all three cases. Mid-ocean ridges and transform faults are plotted as 846 
white lines, and subduction zones as black lines with triangles on the overriding plate. Grey 847 
polygons denote reconstructed coastlines and sutures. 848 





Figure 7. Match between predicted lower mantle temperature clusters at present-day and seismic 851 
tomographic clusters. (a) Quantitative match between predicted lower mantle temperature clusters 852 
of six flow models at present-day and seven seismic tomographic clusters, shown as global 853 
accuracy. (b) Spatial match between clusters of predicted lower mantle temperature anomalies for 854 
case NNR and seismic anomalies for tomographic model S40RTS (grey rectangle in a). Magenta 855 
indicates true positive areas, grey indicates true negative areas, blue indicate low-temperature 856 
cluster for case NNR and low-velocity cluster for S40RTS, and yellow indicates high-temperature 857 
cluster for case NNR and high-velocity cluster for S40RTS. Black lines denote present-day 858 
coastlines. 859 





Figure 8. Temporal evolution of spectral amplitude for degrees 1-3 through time for surface 862 
divergence, lower mantle radial velocity clusters and lower mantle temperature clusters for cases 863 
NNR, SSL and OV. The top panel (surface divergence) is identical for all three cases, with the 864 
amplitude at degree 2 greater than at degrees 1 and 3 most of the time. The fast increase in the 865 
amplitude of radial velocity at degrees 1 and 2 in the early model period for Case NNR (1000-780 866 
Ma), SSL (1000-900 Ma) and OV (1000-900 Ma) denote the period that the models have not yet 867 
reached a dynamic equilibrium. 868 





Figure 9. Spherical harmonic degree 2 contributions to the surface divergence through time for 871 
cases NNR, SSL and OV. The divergence fields for cases NNR_WU, SSL_WU and OV_WU are 872 
same as cases NNR, SSL and OV, respectively, since these pairs of cases are based on the same 873 





Figure 10. Spherical harmonic degree 2 contribution to the temperature cluster (see Fig. 6) through 876 
time for cases NNR, SSL and OV. Circles denote minima and diamonds denote maxima. The 877 
minima are generally distributed near the subduction girdle and the maxima around the 878 
supercontinent and superocean. The locations of the two high-temperature regions change with 879 





Figure 11. Minima (circles) and maxima (diamonds) of spherical harmonic degree 2 contributions 882 
to surface divergence, lower mantle radial velocity clusters and lower mantle temperature clusters 883 
for cases NNR, SSL and OV between 980–0 Ma. Circles and diamonds are coloured by age 884 
according to the colour scale. Symbols are slightly larger in size and with a black outline every 885 
100 Myr. 886 





Figure 12. Time-dependent rate of motion, longitude, latitude and angular distance with respect 889 
to present-day of the African degree-2 maxima of divergence (black), lower mantle radial velocity 890 
cluster (magenta) and lower mantle temperature cluster (red) for cases NNR, SSL and OV. The 891 
dashed lines indicate the period during which models have not reached a dynamic equilibrium, as 892 
seen in the adjustment of lower mantle radial velocity. The surface divergence and lower mantle 893 
radial velocity change rapidly during large-scale plate reorganization, while lower mantle 894 
temperature adjusts more gradually, with a lower rate of motion and smoother motion path. The 895 
black and red vertical dashed lines denote the time when divergence (black) and lower mantle 896 




the delay of changes to the lower mantle temperature field relative to the surface divergence field, 898 
annotated by light blue text. 899 





Figure 13. Migration of the Pacific basal thermochemical structure between 500 and 200 Ma for 902 
case NNR. Predicted mantle temperature anomaly and velocity fields are shown at 2677 km depth 903 
and along NW-directed (500-400 Ma) and NS-directed (400-200 Ma) cross-sections (black lines). 904 
The brown dashed contours in cross-sections indicate 45% concentration of dense material. (a-c) 905 
The Pacific basal thermochemical structure migrates westward between 500 and 400 Ma due to 906 
trench retreat in the eastern part of the superocean. The trench to the northwest continuously 907 
retreats and is on top of the basal thermochemical structure at 400 Ma. (d-f) The slab to the 908 




thermochemical structure in two and pushes its northernmost part towards the African structure. 910 
The main part of the Pacific structure is pushed southward and reaches an equatorial position at 911 
200 Ma. Black and blue diamonds denote degree-2 maximum of surface divergence and lower 912 
mantle temperature clusters, respectively. The numbers above the colour scale denote non-913 
dimensional temperature, and the number below the colour scale denote dimensional temperature. 914 
 915 
